As animals grow, their nervous systems also increase in size. How growth in the central nervous system is regulated and its functional consequences are incompletely understood. We explored these questions, using the larval Drosophila locomotor system as a model. In the periphery, at neuromuscular junctions, motoneurons are known to enlarge their presynaptic axon terminals in size and strength, thereby compensating for reductions in muscle excitability that are associated with increases in muscle size. Here, we studied how motoneurons change in the central nervous system during periods of animal growth. We find that within the central nervous system motoneurons also enlarge their postsynaptic dendritic arbors, by the net addition of branches, and that these scale with overall animal size. This dendritic growth is gated on a cell-by-cell basis by a specific isoform of the steroid hormone receptor ecdysone receptor-B2, for which functions have thus far remained elusive. The dendritic growth is accompanied by synaptic strengthening and results in increased neuronal activity. Electrical properties of these neurons, however, are independent of ecdysone receptor-B2 regulation. We propose that these structural dendritic changes in the central nervous system, which regulate neuronal activity, constitute an additional part of the adaptive response of the locomotor system to increases in body and muscle size as the animal grows.
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development | dendrite specification | dendritic complexity H ow brain size and neuron size are controlled is not clearly understood. Brain size correlates with body size both between and within different species of animals, and as animals develop and grow their nervous systems also enlarge (1, 2) . Differences in brain size are not just due to cell number, but also to the extent of the arborizations that neurons make. For example, both within and between closely related species of mammals, the length and complexity of dendritic arborizations in ganglia of the autonomic nervous system correlate with the size of peripheral target tissues (3, 4) . Moreover, the number of primary dendritic branches per neuron correlates with the number of preganglionic neurons providing synaptic input, and this in turn parallels activity levels (3, 5) . How the growth of neuronal arbors in the central nervous system is regulated is poorly understood. D'Arcy Thompson, in his seminal work On Growth and Form, suggested that "the ganglion cells [. . .] continue to grow, and their size becomes, therefore, a function of the duration of life" (1) . Here, we investigated this notion of cellular growth. Specifically, we asked whether and how the growth of central dendritic processes is regulated as animals increase in size, and we studied the physiological consequences of such structural growth to neuronal function.
As a model system, we work with the Drosophila larva, which grows ∼100-fold in surface area within several days (6) (7) (8) . Its well-characterized neuromuscular system offers unprecedented access to ask how the nervous system changes during periods of rapid animal growth (9) . In Drosophila, as in vertebrates, muscles and neuromuscular junctions enlarge with increases in animal body size (8, (10) (11) (12) . Enlarging muscle size has important physiological consequences, namely concomitant reductions in input resistance, which means that greater levels of synaptic input are required to evoke effective muscle contractions. At the Drosophila neuromuscular junction, two principal adjustment mechanisms are thought to compensate for size-related changes in muscle physiology. First, the neuromuscular junction grows proportionately with the postsynaptic muscle (8) , regulated by the balance of factors that promote and constrain presynaptic terminal growth (13) (14) (15) (16) (17) (18) (19) (20) . Second, synaptic strength is enhanced by increasing the number of release sites per presynaptic bouton (21) and glutamate receptor-containing densities at postsynaptic specializations (22) . Together, these mechanisms maintain an approximately constant amplitude of evoked postsynaptic potentials upon experimental nerve stimulation as the postsynaptic muscle enlarges (23) .
In contrast to this wealth of evidence on adjustment processes in the periphery, we still know very little about possible contributions via structural and functional plasticity in the central nervous system. To this end, we examined the development of identified motoneurons in the central nervous system. We find that as animals and their body wall muscles increase in size the central dendritic arbors of motoneurons follow suit, scaling with body size. Those increases in dendritic extent and complexity are associated with increases in the number of synaptic inputs onto motoneurons and translate into higher activity levels, extending the duration of action potential bursts. Interestingly, we find that this motoneuronal growth is regulated on a cell-by-cell basis. It depends on a particular isoform of the steroid hormone receptor Significance Why do bigger animals have bigger brains, and how do they get them? We find in Drosophila larvae that motoneuron dendrites, the branched structures receiving information from other neurons, grow as the animal gets bigger, and that this is regulated on a cell-by-cell basis by a specific isoform of a steroid hormone receptor, whose functions were unknown. As these dendrites enlarge, they form more connections with presynaptic partners, leading to greater levels of neuronal activity. We propose that these nerve cells increase their activity to compensate for the demands of a bigger body.
ecdysone receptor-B2 (EcR-B2), for which functional roles had not been discovered until now (24) (25) (26) . The steroid hormone ecdysone regulates transitions between developmental stages and, via other ecdysone receptor isoforms, also triggers remodelling of neurons and nonneuronal tissues during metamorphosis (27) . Analogously, in vertebrates, steroid hormones also act as important regulators of neuronal remodelling, for example during puberty in mammals (28, 29) , effecting seasonal changes in songbirds (30) , or, at the cellular level, regulating the growth of sexually dimorphic muscles and their innervating motoneurons (11, 31, 32) . In Drosophila, we find that when the ecdysone steroid signaling pathway is selectively inhibited in single motoneurons these cells fail to extend their dendritic arbors and they do not increase the number of synaptic connections as would normally occur during larval stages, despite being embedded in an otherwise normally developing and growing network. Such neurons with experimentally reduced dendritic arbors retain comparatively low levels of neuronal activity and thus reveal the importance of structural dendritic growth for facilitating increases in synaptic connectivity and drive. The spiking response to membrane depolarization, in contrast, is not regulated by EcR-B2 signaling. We therefore propose that EcR-B2-regulated elaboration of central dendritic arbors, as we have characterized here, represents a central mechanism that mirrors and functionally complements well known adjustments of presynaptic terminals in the periphery that occur in response to changes in body size.
Results
Dendritic Arbors of Neurons Grow as the Animal Grows. To investigate how nervous systems adapt to dramatic changes in body size, we analyzed how motoneurons change structurally within the central nervous system during a period of rapid growth, namely within the first 48 h after larval hatching (ALH). We visualized single RP2 and aCC motoneurons using a genetic labeling strategy that we have developed (33) , which targets gene expression to only a few of the 36 RP2 and aCC motoneurons per nerve cord (one RP2 and one aCC neuron are present in most half-segments). Focusing on RP2 neurons, we imaged these fluorescently labeled cells in acutely dissected nerve cords from precisely staged specimens, from the point of larval hatching (first instar stage) to 48 h ALH (early third instar larval stage) and digitally reconstructed their dendritic arbors using custom software (34, 35) so as to extract accurate quantitative morphometry data about these complex branched cells ( Fig. 1 A-D) .
We find that the total dendritic length of these cells increases 3.7-fold between 0 h and 48 h ALH, from 268.9 ± 20.9 μm (± SEM, n = 5) at hatching to 993.4 ± 69.4 μm (n = 5) at 48 h ALH (Fig. 1E) . The growth of dendrites increases during the second larval instar (Fig. 1E) and it mirrors the growth of the larval cuticle surface area, a proxy measure for body and body wall muscle size (6) . Indeed, these two measures are highly correlated (Pearson r = 0.9944, P < 0.0001) and dendritic length increases proportionally with increases in larval surface area (Fig. 1F) .
We wondered whether there were patterns to the addition of new branches during normal dendritic growth. We find that the average length of dendritic segments does not change over developmental time and that dendritic arbors increase by the addition of new segments. To determine the distribution of segments within trees, we applied a Sholl sphere statistical method (36) . This shows that most segment additions occur at progressively distal parts of arbors, yet at the same time the relative distribution of segments within arbors is maintained, so that at all observed stages dendritic trees have most of their length concentrated roughly halfway along their expanse with respect to the primary neurite (Fig. 1G) .
A Specific Isoform of the Ecdysone Receptor Regulates Dendritic
Growth. Next, we asked how this dendritic growth might be regulated. The characteristic change in the rate at which dendritic arbor size increases during the second larval instar stage led us to investigate the ecdysone signaling pathway, which is important for animal growth (37) and critical for the progression through these developmental transitions (24, 38) . The Drosophila ecdysone receptor (EcR) has three isoforms, A, B1, and B2. During larval life, isoforms A and B1 are known to be expressed only immediately before pupariation (39) . For the EcR-B2 isoform, in contrast, its expression profile and role have remained uncharacterized (24, 25, 39, 40) . To determine which EcR iso- forms are expressed in the ventral nerve cord during stages of rapid dendritic growth, namely during the second larval instar, from 24 to 48 h ALH, we took advantage of well-characterized antibodies that either recognize all three receptor isoforms (α-EcR-common) or that are specific to the A or B1 isoform (40) . No B2 isoform-specific antibody is available, because the EcR-B2 differs from other isoforms by only its N-terminal 17 amino acids (25, 40) . Confirming previous reports (39), we do not detect expression of isoforms A and B1 in the first or second instar larva (Fig. S1A, B, D , and E). In contrast, the antibody recognizing all three isoforms shows clear nuclear staining in many cells in the nervous system at these stages, including the aCC and RP2 motoneurons ( Fig. 2A and Fig. S1 C and F) . This suggests that the B2 isoform is present during early larval stages. To confirm that this nuclear staining represents the EcR-B2 isoform, we analyzed nerve cords from EcR-B −/− mutant larvae that lacked the B2 epitope and nerve cords containing individual cells that overexpress EcR-B2. In the EcR-B −/− nerve cords, the α-EcR-common signal is severely reduced, if not entirely absent, whereas in cells that overexpress EcR-B2 the staining intensity is increased (Fig. 2  B and C) . These findings strongly suggest that the EcR-B2 isoform is the only EcR isoform present during early larval stages in many neurons, including the aCC and RP2 motoneurons.
Next, we investigated whether EcR-B2 is required for dendritic growth. Because there are no mutant alleles that exclusively compromise EcR-B2 function we studied EcR-B −/− larvae homozygous mutant for both the EcR-B1 and EcR-B2 isoforms. At 48 h ALH EcR-B −/− mutant animals are overall reduced in size and RP2 neurons have smaller dendritic trees compared with heterozygote controls (Fig. S2A, B, and D) . Selective reinstatement of EcR-B2 in RP2 motoneurons within such mutant larvae, through targeted expression EcR-B2, partially rescues the dendritic phenotype (Fig. S2 C-E) . However, EcR-B −/− mutant animals have several developmental defects in addition to reduced larval growth, such as an inability to molt (24) . To selectively compromise EcR-B2 function in specific neurons without otherwise affecting nervous system or animal development, we took advantage of a dominant-negative form of EcR-B2 (UASEcR-B2 W650A ), which is unable to bind ligand (25, 26) . We find that targeting expression of the dominant-negative EcR-B2 W650A to individual RP2 motoneurons from late embryonic stages onward severely inhibits dendritic growth during the second instar stage compared with controls (Fig. 2 D 
-G). This effect on dendritic growth is also manifest when UAS-EcR-B2
W650A is targeted to another motoneuron, aCC (Fig. S3 ). Detailed analysis of RP2 dendritic arbors at 48 h ALH shows that expression of the dominant-negative EcR-B2 W650A significantly decreases the number of branches, overall tree volume, and tree density compared with controls. Average branch length, however, is not affected, indicating that dendritic growth deficits arise through reduced net addition of branches ( Fig. S4 A-D) . To determine the distribution of dendritic branches we carried out a Sholl sphere statistical analysis (36) . This shows that cells expressing the dominant-negative EcR-B2
W650A have most of their dendritic length located approximately halfway along the dendritic tree, as is also characteristic for control neurons (Fig. 2H) . Specifically, at 48 h ALH RP2 neurons expressing EcR-B2 W650A have dendritic arbors that are comparable to control RP2 neurons at 24 h ALH, both with respect to total dendritic length and distribution of dendritic branches within the arbor ( Fig. 2 G and H). Furthermore, the soma, which normally increases in size, does not undergo statistically significant growth between 24 and 48 h ALH (Fig. S5 ), suggesting that, at least morphologically, RP2 neurons expressing EcR-B2 W650A arrest in their second instar state.
We next tested the specificity of action of UAS-EcR-B2 W650A .
EcR-B2
W650A carries a mutation in the ligand-binding domain, and as a result this mutated receptor fails to bind 20E and does not activate transcription (25, 26) . However, it still binds its coreceptor, ultraspiracle, and therefore EcR-B2 W650A acts as a competitive inhibitor of wild-type EcR (25) . Consistent with this prediction, expression of wild-type forms of EcR subunits has no discernible effect on dendritic growth, and coexpression of the wild-type EcR-B2 suppresses UAS-EcR-B2
W650A
-induced dendritic growth defects, as would be expected from competitive interactions (Fig. 2G) .
Taken together, these results show that dendritic growth is regulated cell-by-cell, rather than at the level of the whole tissue. Specifically, in this system EcR-B2 signaling acts cell-autonomously by regulating whether or not a neuron proceeds to enlarge its dendritic arbor during development, irrespective of its surroundings and its partner neurons developing normally.
Neuronal Activity Levels Increase with Neuronal Size and Are
Regulated by EcR-B2. Next, we asked what the functional significance might be for the developmentally regulated increases in dendritic size. To this end, we made electrophysiological recordings from the RP2 and aCC motoneurons. Both neurons innervate dorsal muscles and receive identical synaptic input in our electrophysiological assays, as also reported by Baines et al. (41) . We focused on the two developmental time points that are characterized by the greatest difference in dendritic growth during the period of analysis: 24 and 48 h ALH, the early second and third instar larval stages, respectively.
To record endogenous activity patterns, we first used a cellattached configuration. These neurons display rhythmic bursts of activity, and the number of action potentials per burst fired by aCC increases from the second to the third instar stage, from 18.8 (SEM = 1.8, n = 10) at 24 h ALH to 44.6 spikes per burst (SEM = 6.6, n = 11) at 48 h ALH ( Fig. 3 A and C). In line with this, burst duration increases from 0.51 s (SEM = 0.08) at 24 h ALH to 1.08 s (SEM = 0.23, P = 0.03) at 48 h ALH (Fig. 3E) , whereas the mean spike frequency within each burst (intraburst spike frequency) does not change (Fig. 3D) . Thus, as motoneuron dendritic arbors enlarge, scaling with increases in larval size, the number of action potentials fired per burst of activity also rises. Curiously, the frequency of bursts decreases from 0.45 Hz (SEM = 0.04) at 24 h ALH to 0.26 Hz (SEM = 0.03, P = 0.002) at 48 h ALH (Fig. 3F ). We find no statistically significant correlation between the spike number per burst and the frequency of bursts at 48 h ALH (Spearman's ρ = 0.01, P = 0.84) (Fig. 3G ). This suggests that the number of action potentials per burst could be set by factors affecting either cell-intrinsic and/or synaptic properties, rather than being a cycle period-dependent property of the network.
Given the requirement for EcR-B2 signaling for dendritic growth as larvae progress from the second (24 h ALH) to the third instar stage (48 h ALH), we wondered whether EcR-B2 signaling was also necessary for associated increases in neuronal activity. To this end, we targeted EcR-B2 W650A expression to aCC and RP2 motoneurons and made cell-attached recordings of endogenous activity patterns at 24 and 48 h ALH. We find that unlike in control neurons the number of action potentials per burst fails to increase during this period when EcR-B2 W650A is expressed (control at 24 h ALH: 18.8 spikes per burst, SEM = 1.8, n = 10; at 48 h ALH: 44.6 spikes per burst, SEM = 6.6, n = 11; RN2 > EcR-B2
W650A at 24 h ALH: 17.8 spikes per burst, SEM = 1.2, n = 7; at 48 h ALH: 19.6 spikes per burst, SEM = 3.3, n = 8; P < 0.01 for control-experimental comparison at 48 h ALH) (Fig.  3 A-C) . The mean spike frequency within bursts remains similar from 24 to 48 h ALH in both control and EcR-B2 W650A -expressing motoneurons (Fig. 3D) . Consequently, neurons in which EcR-B2 is inhibited retain comparatively short action potential burst durations, unlike control cells, which increase the burst duration from 24 (Fig. 3E) . The frequency at which these bursts of activity occur decreases similarly in both control and EcR-B2
W650A
-manipulated neurons from 0.43 Hz (SEM = 0.03) to 0.32 Hz (SEM = 0.05) (Fig. 3F ).
These data suggest that EcR-B2 signaling is required in neurons during larval development both for dendritic growth and for associated increases in neuronal activity. Remarkably, targeted interference with EcR-B2 signaling in single motoneurons blocks their normal developmental increase in action potential burst duration, even though the remainder of the network develops , an RP2 neuron expressing the dominant-negative EcR-B2 W650A (DN-EcR-B2), and an RP2 neuron coexpressing DN-EcR-B2 and full-length wild-type EcR-B2. Cell bodies have been omitted for the sake of clarity, but primary neurites/proximal axons are shown, color-coded dark purple. (G) Total dendritic length of control RP2 motoneurons at different developmental time points ALH, mean ± SEM; control (blue), cells expressing DN-EcR-B2 (red), overexpressing wild-type EcR-B2 (green), and coexpressing DN-EcR-B2 and wild-type EcR-B2 (yellow). Mean ± SEM, n ≥ 5, asterisk indicates P < 0.05. (H) Sholl analysis, depicting sum of dendritic lengths as a function of the distance from the primary neurite (axon), of control cells at 24 h (dashed blue line) and 48 h ALH (solid blue line), cells expressing DN-EcR-B2 at 48 h ALH (red), and cells coexpressing DN-EcR-B2 and EcR-B2 at 48 h ALH (yellow). n ≥ 5, asterisk indicates P < 0.05. normally (i.e., there is no experimentally induced change in burst frequency). This suggests that burst duration is regulated cellautonomously downstream of EcR-B2.
Spike Response to Membrane Depolarization Is Not Regulated by EcR-B2. We wondered whether the observed developmental change in neural activity might be caused by changes in the intrinsic excitable properties of these neurons. First, we looked at the spike threshold: the membrane voltage at which the first action potential is fired. To determine this threshold, we depolarized the neurons from −120 to +60 mV over 500 ms using voltage clamp. Space clamp errors cause more distal regions of the cell to be poorly clamped (42) and these neurons therefore fire action potentials in response to the depolarizing ramp. Usually this experiment is done in current clamp, but embryonic and early larval neurons are less well suited for this technique owing to membrane voltage fluctuations that are difficult to control (41, 43) . We found that the voltage threshold at which the first action potential is fired does not change significantly between 24 and 48 h ALH (−22.3 mV, SEM = 1.0, n = 9 at 24 h; −23.6 mV, SEM = 0.73, n = 9 at 48 h, P > 0.05), and it is not significantly affected by expression of EcR-B2 W650A (Fig. 4A ). This suggests that the observed developmental increase in activity is not caused by neurons firing earlier in response to synaptic input.
Second, the level of activity could be determined by the neurons' excitability, separately from the voltage threshold. We therefore measured electrical excitability at 24 and 48 h ALH by injecting 1-s steps of current of increasing magnitude in the presence of an α7-nicotinic acetylcholine receptor antagonist, α-bungarotoxin, which blocks all excitatory input (43, 44) . We find that the number of action potentials fired for a given current injection decreases in older animals but that it is not affected by expression of EcR-B2 W650A (for 100-pA injection at 24 h ALH: control = 48.0 spikes, SEM = 2.1, n = 10 vs. RN2 > EcR-B2 W650A = 48.3 spikes, SEM = 3.2, n = 8; at 48 h ALH: control = 19.2 spikes, (Fig. 4 B and C) . To assess membrane excitable properties, we measured the number of action potentials fired at a given membrane potential. We find that this remains constant during these stages and that it is unaffected by expression of the dominant-negative EcR-B2 W650A (Fig. 4 D and E) . Therefore, changes in voltage-gated ion channels that generate the action potential are not the cause for the decrease in electrical excitability that normally occurs over developmental time, but other factors are responsible. In line with this, we find that input resistance decreases, as would be expected from increases in cell size and therefore leak currents (Fig. 4F) . In addition, capacitance increases over developmental time, although less for EcR-B2 W650A -expressing neurons than for controls (Fig. 4G and Fig.  S5 ). Despite these differences in capacitance, controls and EcR-B2 W650A -expressing neurons have the same efficacy of depolarizing their action potential initiation zone at both 24 and 48 h ALH.
Taken together, these data suggest that, although during normal development we observe a rise in neuronal activity from 24 to 48 h ALH, the neurons actually become intrinsically less excitable. This decrease in intrinsic excitability is not regulated by EcR-B2. Although it is at least partly a consequence of increased cell size, other factors possibly contribute. For example, relative location of the action potential initiation zone could be an important determinant of neuronal excitability. This specialized axonal region has not been located in these cells but in adult Drosophila motoneurons is thought to be positioned more than 100 μm from the soma (45).
EcR-B2-Mediated Increases in Synaptic Connections Cause Develop-
mentally Regulated Elevation in Neuronal Activity. Having ruled out changes in the intrinsic excitability, we investigated extrinsic causes for the increase in neural activity that occurs between 24 and 48 h ALH, such as elevated levels of synaptic input. To test this hypothesis, we made whole-cell recordings from these motoneurons (voltage-clamped at −60mV) and measured evoked postsynaptic currents (EPSCs). We focused on sustained currents previously shown to initiate firing of action potentials (41) . The mean amplitude of synaptic currents increases from 24 to 48 h ALH and is unaffected by expression of EcR-B2 W650A (at 24 h: control = 371.3 pA, SEM = 44.9, n = 13 vs. RN2 > EcR-B2 W650A = 456.7 pA, SEM = 44.7, n = 10; at 48 h: control = 668.7 pA, SEM = 61.7, n = 14 vs. RN2 > EcR-B2 W650A = 626.3 pA, SEM = 60.9, n = 8, P < 0.05 between time points; P > 0.05 between genotypes) (Fig. 5 A and B) . However, in 48-h-old animals expression of the dominant-negative EcR-B2 W650A leads to a reduction of the total synaptic drive, as measured by the integral of synaptic current (RN2 > EcR-B2 W650A : 147 nA·ms, SEM = 17; control: 240 nA·ms, SEM = 34, P = 0.02) (Fig. 5 C  and D) . This reduction of the total synaptic drive is most likely the reason, or at least part thereof, as to why the number of action potentials per burst is reduced when EcR-B2 is inhibited in these motoneurons. These results suggest that the changes in activity that we observe during normal development, and that are regulated by EcR-B2 signaling, must be caused by enhanced levels of synaptic input.
Two principal mechanisms could underlie this synaptic strengthening: increased presynaptic neurotransmitter release or elevated postsynaptic sensitivity to neurotransmitter. To distinguish between these, we generated whole-cell patch-clamp recordings from the motoneurons, voltage-clamped at −65mV, in the presence of TTX. TTX suppresses evoked release of neurotransmitter, leaving only that which is released by the spontaneous fusion of single or a few vesicles. In controls, we observed a rise in the mean frequency of miniature excitatory postsynaptic currents (mEPSCs) from 24 to 48 h ALH: 1.6 Hz at 24 h (SEM = 0.22) vs. 4.3 Hz at 48 h ALH (SEM = 0.24, P = 0.008) (Fig. 5 E and F) . This normally occurring rise in mEPSC frequency is blocked by expression of the dominantnegative EcR-B2 W650A (RN2 > EcR-B2 W650A at 24 h ALH: 1.6 Hz, SEM = 0.22, n = 6; at 48 h ALH: 2.2 Hz, SEM = 0.45, n = 7; P > 0.05) (Fig. 5 E and F) . The likely cause is a stagnation of the number of release sites that form on these dendritic arbors between 24 and 48 h ALH, mirroring the lack of dendritic growth during the same period when EcR-B2 signaling is compromised.
The amplitude of mEPSCs does not change from 24 to 48 h ALH during normal development, although it increases in cells that express EcR-B2
W650A (control at 24 h ALH: 12.9 pA, SEM = 0.46; at 48 h ALH: 10.9 pA, SEM = 1.1, P > 0.05; RN2 > EcR-B2 W650A at 24 h ALH: 15 pA, SEM = 2.0; at 48 h ALH: 24.2 pA, SEM = 2.7, P < 0.05) (Fig. 5 G and H) . This EcR-B2
W650A -dependent increase in the amplitude of mEPSCs could be a biophysical consequence of reduced membrane area in neurons that express EcR-B2 W650A relative to the comparatively larger control cells. Alternatively, it might reflect an adjustment of the manipulated cells to compensate for reductions in (anticipated) synaptic drive, a process that resembles synaptic scaling (46) (47) (48) .
In summary, we find that the EcR-B2 isoform is required in central neurons during postembryonic larval stages to increase synaptic drive, likely through the addition of presynaptic sites and mediated by EcR-B2-regulated dendritic growth, which results in higher levels of neuronal activity.
Discussion
As animals develop and increase in size, many of their neurons also enlarge. We investigated this phenomenon and found that, at least in this system, neuronal growth is regulated so that neurons individually take the decision of whether or not to enlarge their central dendritic arbors. This gating of dendritic growth is regulated by a specific isoform of the steroid hormone receptor EcR-B2. Using electrophysiological recordings we determined the functional consequences of this neuronal growth that normally occurs during development. Motoneurons in which EcR-B2 signaling has been compromised retain smaller dendritic arbors with fewer synaptic connections than their control counterparts, mimicking younger and smaller neurons, despite being situated in an otherwise unmanipulated ganglion. The consequences are reduced synaptic drive and shorter activity periods. The implications of these observations are twofold: First, neurons can deploy structural changes in their dendritic trees as a central mechanism with which to regulate and adjust levels of neuronal activity; second, in terms of connectivity, the size of the postsynaptic dendritic arbor seems to be decisive in determining the number of connections that neurons form among available presynaptic terminals.
Motoneuron Dendritic Growth in the Central Nervous System Scales with Increases in Animal Body Size. Increases in body or organ size are normally accompanied by matching changes in innervation, required to maintain appropriate neuronal control. One of the best-studied examples is the neuromuscular junction where increases in muscle size lead to biophysical changes in muscle physiology, which are compensated for by a matching enlargement of the neuromuscular junction (8, 10, 11, 49) . The neural and cellular mechanisms that regulate these homeostatic adjustments have been studied in detail (for reviews see refs. 50 and 51). Here, we have identified a potential additional, central mechanism associated with adjustment to growth in the neuromuscular system: In the central nervous system, motoneurons also enlarge their postsynaptic dendritic arbors as animals increase in body size; this leads to increased synaptic drive and thus prolonged periods of bursting activity.
Our morphometric quantifications of dendritic arbors during larval stages, show that motoneuron dendritic trees increase their overall dendritic length proportionately to body size. The growth of these arbors occurs by addition of new dendritic segments that "fill in" existing territory, as well as at the perimeter of the tree, thus widening its reach. Such scaling growth of dendritic arbors in relation to body size is a widespread phenomenon and has previously been observed in different types of nerve cells, including Purkinje, pyramidal, olfactory mitral cells and sympathetic ganglionic neurons (3, 4, 52, 53) .
Ecdysone Receptor Isoform B2 Is Required Cell-Autonomously for Normal Dendritic Growth. An interesting discovery of this study is that the growth that normally occurs during larval stages is regulated cell-autonomously. Specifically, we established that the B2 isoform of the ecdysone steroid hormone receptor is required cell-autonomously in motoneurons for normal dendritic growth. Expression of a dominant-negative form of EcR-B2, UAS-EcR-B2
W650A
, in single cells prevents the characteristic increase in motoneuron dendritic arbor size during the second larval instar stage and seems to arrest neural arbors structurally at a young larval stage, despite being embedded in an otherwise normally developing ganglion. Electrical excitability of aCC and RP2 motoneurons, however, are not affected by expression of EcR-B2
. We found EcR-B2 to be the only isoform expressed in the larval nerve cord during early larval stages, in agreement with and complementary to previously published data (39) . Although different functions have been ascribed to the other two EcR isoforms, A and B1 (e.g., refs. 24 and 54-57), the role of the B2 isoform had until now remained unknown (26) . Here, we uncovered an important role for the EcR-B2 isoform in nervous system development, namely to permit growth in larval stages. We interpret the role of EcR-B2 as being a permissive factor for dendritic growth for two reasons. First, the pattern of dendritic growth during larval stages does not follow ecdysteroid titers (38) but may be exponential. Second, precocious or overexpression of the wild-type form of EcR-B2 does not cause abnormal dendritic growth. Because the nervous system is one of the most metabolically expensive tissues (58), it is conceivable that gating the decision through EcR-B2 on whether or not neurons grow may provide a strategy to synchronize neural growth with the growth of the animal as a whole, as it progresses from one developmental stage to the next. Indeed, production of ecdysteroids in the Drosophila larva is under nutritional control (59) .
It is likely that other signaling pathways determine the extent to which neurons grow. For example, in rat superior cervical ganglion cells dendritic growth correlates with peripheral target size (60) and NGF has been implicated (61, 62) . In Drosophila, three neurotrophic factors have been identified, expressed in subsets of body-wall muscles at embryonic stages, although none has thus far been reported to be expressed in the dorsal musculature, whose innervating aCC and RP2 motoneurons we analyzed here (63) . Other muscle and associated glia-derived retrograde regulators of neuromuscular junctions include the TGF-β homologs Glass bottom boat and Maverick and the Wnt family member Wingless (15, 18, 19, (64) (65) (66) . It is conceivable that these could regulate the growth of motoneuron dendritic arbors in synchrony with that of presynaptic axon terminals. Indeed, we find that, in addition to its role in regulating dendritic growth, EcR-B2 is also required for normal neuromuscular junction growth, suggesting that EcR-B2 itself regulates the development of both pre-and postsynaptic compartments (Fig. S6) .
Dendritic Growth as a Central Mechanism to Adjust Neuronal Activity Levels. As the Drosophila larva grows around 100-fold in surface area with matching increases in body wall muscle size, appropriate levels of muscle depolarization have to be maintained. The larval body-wall muscles are virtually isopotential (67) , and as their input resistance goes down with increasing muscle size, presynaptic output at the neuromuscular junction increases in a compensatory fashion: By adjusting both terminal size and synaptic strength the amplitude of postsynaptic responses in the muscle is maintained (23, 68-71) . Similarly, at the growing ver-tebrate neuromuscular junction, motor endplates expand as muscles enlarge (12), enhancing neurotransmitter release (49) .
Our findings show that in addition to the well-characterized regulation of neuromuscular junction strength, in the central nervous system, motoneurons also adjust the size of their dendritic terminals. We previously demonstrated that during the initial assembly of the locomotor network in the embryo neurons deploy their dendritic arbors as structural homeostatic devices, adjusting their extent to compensate for naturally occurring variations in the density of synaptic partner terminals (72) . In this study, we have shown that in subsequent larval stages, when animals grow rapidly, extension and elaboration of dendritic arbors leads to greater numbers of presynaptic inputs and thus increased synaptic drive. Specifically, with progression from the second to the third larval instar the duration of action potential bursts approximately doubles. Longer action potential burst periods might increase and potentially prolong muscle contractions; they could also enhance facilitation (73, 74) . Furthermore, the time course of excitatory junctional potentials (EJPs) at the Drosophila neuromuscular junction changes as muscles enlarge (23): Time constants describing both the rise and fall of EJPs increase, which, taking into account the bursting input the muscle receives, will result in a larger envelope of depolarization as the animals grows. It is therefore conceivable that the increased number of action potentials fired per burst that we have observed affects the strength of the neuromuscular synapse by enhancing both the process of facilitation and the envelope of depolarization.
EcR-B2-Mediated Dendritic Growth Increases Synaptic Drive Through
Additional Synaptic Contacts. Having identified EcR-B2 as a regulator of dendritic growth of motoneurons, we were able to investigate how dendritic growth relates to synaptic drive in this system. During normal development, motoneurons increase their dendritic arbor proportionally to animal body size. A biophysical consequence of increased neuronal size is increased capacitance and decreased input resistance, both of which reduce the cell's intrinsic excitability (75) . Indeed, we find that motoneurons in third instar larvae (48 h ALH) have larger dendritic arbors and are less excitable than smaller cells of younger, second instar (24 h ALH) animals. We also found that increases in dendritic arbor size are accompanied by increases in the frequency of spontaneous mEPSPs (Fig. 5) , suggesting that the dendritic growth during larval development facilitates the addition of synapses.
We wondered how these changes in synaptic input, from the second to the third larval instar, might lead to extended bursting periods. Most likely, this requires the addition of synapses from new premotor partner neurons. Interestingly, at 48 h ALH EcR-B2 W650A -expressing motoneurons, despite being located within an otherwise unmanipulated nervous system with its third instar complexity and density of presynaptic release sites, are indistinguishable from younger neurons in a younger ganglion, in terms of dendritic arbor size, distribution of dendritic branches in the neuropil, number of synaptic sites on these, and activity patterns (Figs. 2, 3, and 5 ). This suggests that the size and geography of these dendritic arbors is decisive in determining their connectivity. Because we find increases in the duration of action potential bursts over developmental time, it is likely that as they grow aCC and RP2 motoneuron arbors establish new presynaptic contacts from additional interneurons, some of which may be in adjacent segments. These could include segmental homologs of those with whom they already form connections more proximally at earlier stages. Such a scenario could extend the duration of the synaptic drive, as we observe: As each wave of activity passes through the nerve cord during locomotion cycles, synapses in adjacent segments would have different timings that when combined on one dendritic arbor could lead to prolonged periods of action potential bursts. Indeed, tentative evidence has shown that larval Drosophila motoneurons change their connectivity qualitatively, in that neurons begin to show inhibitory responses during larval development (43, 76) .
Comparable strategies have been documented in other systems. For instance, the substantia nigra compacta dopaminergic neurons change their dendritic architecture to alter the number and identity of synapses they receive and thereby also their functional properties within the network (77) . In the case of the aCC and RP2 motoneurons in Drosophila that we have studied here, the identity of their excitatory presynaptic partners has not yet been characterized beyond being cholinergic (43) and so at this point cannot be resolved conclusively.
EcR-B2 Regulates the Development of Structural Attributes but Not of Intrinsic Physiological Properties. We found that the electrical excitability of aCC/RP2 is not affected by expression of EcR-B2 W650A (Fig. 4) . The excitability of a cell is determined by the input resistance, the sum of all leak currents at rest, and the voltage-sensitive conductances that generate the action potential. The input resistance of a cell is normally inversely proportional to its size (75) . Consistent with this notion, we find that during normal development the electrical excitability of these neurons decreases during the second larval instar stage, as cells increase in size. Moreover, we do not record changes in the relationship between membrane potential and action potential firing, suggesting there is no net change in the voltage-sensitive conductances that generate the action potential, and this aspect is not affected by EcR-B2 W650A expression (Fig. 4 D and E) . However, the inverse relationship between cell size and excitability no longer holds for cells expressing EcR-B2 W650A : At 48 h ALH, the intrinsic excitability of these comparatively small cells, which are reduced both in dendritic arbor and soma size ( Fig. 2 and Fig. S5 ), is similar to that of their age-matched, larger, control counterparts (Fig. 4C) . These findings are compatible with at least two scenarios. First, it is possible that the location of the action potential initiation zone, a key determinant of excitability of these neurons, changes from the second to the third larval instar stage. For example, the positioning of the action potential initiation zone relative to the proximal primary neurite, which integrates dendritic currents, may change as nerve cords enlarge, and this could be independent of EcR-B2 signaling in individual motoneurons. However, in agreement with an earlier study, we find that the intrinsic excitability of aCC and RP2 motoneurons strongly correlates with the amplitude of synaptic input (78) . In this model, EcR-B2 W650A -expressing neurons would undergo homeostatic adjustment to remain within the normal range of neuronal activity. Given that we did not detect changes in the voltage-sensitive conductances that generate the action potential, but measured a reduction in membrane resistance over developmental time, leak channels could be involved.
Materials and Methods
Fly Strains. Wild-type and transgenic strains were maintained on standard yeast-agar-cornmeal medium at 25°C. The following fly strains were used: Oregon-R (Bloomington Stock Center, Indiana University), w Staging and Dissection for Structural Analysis. Flies were allowed to lay eggs on apple juice-based agar medium overnight at 25°C. Hatched larvae were removed, after which the remaining eggs were incubated at 25°C for a further 2 h. Larvae hatched during this period (designated 0 h ALH) were then collected and either dissected in Sorensen's saline (pH 7.2, 0.075 M) or allowed to develop further in a yeast paste until the appropriate stage was reached (designated relative to the first time point; therefore, each sample, although containing larvae from a 2-h developmental time window, was designated as if from a single time point). A fine hypodermic needle (30 1/2 G; Microlance) was used as a scalpel to cut off the anterior end of each larva, allowing gut, fat body, and trachea to be removed. The ventral nerve chord and brain lobes, extruded with viscera upon decapitation, were dissected in Sorensen's saline and positioned, dorsal side up, on a cover glass coated with poly-L-lysine (Sigma-Aldrich). The cover glass was placed on a microscope slide using glycerol as an adhesive. A clean cover glass was placed on top of the preparation, with strips of double-sided sticky tape as spacers positioned along the edges.
Confocal Imaging, Dendritic Reconstruction, and Image Processing. RFP-expressing neurons were imaged immediately after dissection without fixation with a Yokagawa CSU-22 spinning disk confocal field scanner mounted on an Olympus BX51WI microscope, using a 60×/1.2 N.A. Olympus water immersion objective. Images were acquired with a voxel size of 0.2 × 0.2 × 0.3 μm. Dendritic trees were digitally reconstructed using Amira Resolve RT 4.1 (Visualization Sciences Group and Zuse Institute), supplemented with statistical algorithms developed by J.F.E. (34, 35) , and images were processed using Amira and ImageJ (National Institutes of Health).
Larval Surface Area Calculation. Larval length (l) and diameter (d) were measured using ImageJ. Larvae were approximated as ellipsoids and surface area (SA) was calculated using the following equation (81):
with P = 1.6075.
Electrophysiology. Larvae were dissected and central neurons accessed as described previously (43) . Briefly, the larval central nervous system was removed and pinned onto a Sylgard-coated dish using fine wire (0.001 tungsten 99.95% wire; California Fine Wire Company). A small section of the glial sheath surrounding the ventral nerve cord between segments A1-A3 was ruptured using protease (0.1-1% Protease XIV; Sigma-Aldrich) dissolved in external saline (discussed below) to expose motoneuron cell bodies underneath. The preparation was viewed with a 60×/0.9 N.A. water-dipping objective using DIC microscopy (BX50WI microscope; Olympus). Whole-cell and cell-attached recordings were performed using standard thick-walled borosilicate electrodes (GC100TF-10; Harvard), fire-polished to resistances of 7-10 MΩ for third instar and 10-15 MΩ for second instar preparations. Recordings were made using an Axopatch-1D amplifier and digitized using a Digidata 1322A. Traces were recorded using pClamp 10 (all from Molecular Devices), digitized at 20 kHz and filtered at 2 kHz. After breakthrough, currents were measured for a period ranging from 2 min to 4 min; cells begin to pass increased leak currents after this time (41) . Cell-attached recordings were performed until a deterioration in the signal-to-noise ratio was detected. Data were analyzed using Clampfit 10 (Molecular Devices) and (43) . However, these neurons are not identical in their electrical properties; for instance, RP2 displays a characteristic delay to first spike (82) . Therefore, in the study of electrical properties we focused on the electrical properties of the aCC motoneuron only.
Immunohistochemistry. Larvae were staged and nerve cords dissected as described above and fixed in (40mg/ml) formaldehyde (Fisher Scientific) in Sorensen's saline (pH 7.2, 0.075 M) for 30 min at room temperature. Nerve cords were washed in Sorensen's containing 0.3% Triton-X-100 (SigmaAldrich) and incubated overnight in primary antibodies at 4°C. After washing they were incubated in secondary antibodies for 2 h at room temperature, mounted in Vectashield supplemented with DAPI (Vector Laboratories), and imaged with a Leica SP5 confocal laser-scanning microscope. For time line experiments, all samples were incubated on the same cover glass to allow for direct comparisons of signal intensities between specimens. Primary antibodies were as follows: EcR-common: mAb Ag10.2, EcR-A: mAb15G1a, and EcR-B1: mAb AD4.4 (Developmental Studies Hybridoma Bank, University of Iowa).
Statistical Analysis. Quantitative data from dendritic reconstructions were exported from AMIRA as csv files. Data from all experiments were plotted and analyzed using Prism software (GraphPad Software). Student t test, MannWhitney U tests and ANOVA with Tukey posttest were used, as appropriate.
